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INTRODUCTION ,
, -
Ka
,~’. :ﬁ'h
& | | 2
e High power lasers based in space have been considered as sources <3
. La,
é! for power transmission, laser propulsion, materials processing and «
~:\. v.:_*
-t space defense. The feasibilty of such systems is based on the cost Cj
¢ ol
N .
‘;2 per unit power delivered, with detailed studies(1,2) indicationg that D)
‘ NEy
‘(~ light weight has a greater impact on cost than laser efficiency. .
s::‘ :‘::
) Solar radiation is a natural source of power for these devices and ot
oo ,
a two methods for conversion of solar radiation to laser radiation can ::1
|\I
cl be considered. An indirectly solar pumped laser would first convert -
r’ !ll \1
w: the solar radiation to electricity or longer wavelength blackbody L.
:(n .'.'.
{h
radiation which is then used to power the laser. A directly ;:
. N
' pumped solar laser would utilize a portion of the solar spectrum )
v to directly pump the laser medium, eliminating the intervening f
1 K
. step and substantially reducing the systems weight and complexity. .
-~ ="
l! Detailed comparisons(l) showed "a directly pumped laser with an
overall efficiency of only 1.5%... can compete with an indirectly :%r
k energized solar laser with an overall efficiency of 104." With E?
- this in mind, a concept for a directly solar pumped laser was
. RER
+ "
o developed based on an alkali vapor (sodium) as the laser medium. N
"v: ¥_.:
n..J ' :_, (]
The equilibrium components of the sodium vapor are a large
¢ L
" 4
~ percent of atoms and a smaller fraction of diatomic molecules(dimers), ';
oA . Y
- the dimers constituting the lasing species. An efficient laser cycle qu
- 1

| requires that a large fraction of the solar spectrum be absorbed

1

- " ) » - -~ "h-' - - " - - al -~
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during the pumping transition, and Na, has a dissociative continuum
absorption which peaks at the peak of the solar spectrum. As will »
be discussed in the sections that follow. the efficierncy of a directly g

pumped laser 1s proportional to the ratio of the laser wavelength

to the average wavelength absorbed. With absorption in the visible :?
and known laser transitions in the infrared the sodium dimer 1s

thus a good candidate for a directly solar pumped laser. d

o~

o)

The following sections will present the concept for a directly f
pumped solar laser, calculate solar absorption efficiencies and

estimate the gain of the laser. The experimental program to develop 5:

a broadband pumped sodium dimer laser will be reviewed. Because of ..

the high temperature of operation (possibly %00 k), development of a
device that allows access for broadband optical pumping while main- ,;
taining a vapor of uniform density is a diffucult task. Modification

of the standard heat pipe oven has been the general direction for the _-

design of two devices, and their performance to date will be discussed.

Another aspect of the experimental program has been the measuremen”
of rate constants for rotation changing collisions between the
excited sodium dimer (near the upper laser state) and a second body. é
I will review the method we used for measuring these rates and
present preliminary results for collisions of sodium with Xe,

Ar, Ny, and He. .

P P e P
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? The conzept for the proposed solar pumped sodium laser involves ;E:

several seperate processes. Figure 1(3) outlines the overall mechanism =

- for the sodium vapor laser. The lasing medium consists of a sodium lg
y vapor, which at 650 degrees celsius has a total vapor pressure of ;:

. 52.7 Torr with the dimer 11%4 of the vapor species., Saolar radiation B
? is absorbed over a wide wavelength region in the visible via the :i

bound~-free absorbtion by ground state dimers to the dissociative

! continuum of the B state, resulting in one ground state atom and one atom By
T in the ZFQZ excited state. The D-line emission from the excited atomic ;
:' state is strongly trapped because of the high atomic sodium density and E&;

large atomic abgorption cross section of the D-line. Trappping of the ;'

’ D-line photons pools the solar radiation energy into a relatively narrow ;&.
? wavelength region. necessary for efficient inversion production. ;3

This trapped D-line radiation is absorbed via the bound-bound transition i

~ from low vibrational levels of the ground state dimer to a narrow band S
,: of levels in the A'Z:. state of the dimer, this being our upper és
’ laser level. The absorption of the D-line occurs on the i1nner turning ft'

'? point of the A state potential, with the laser transition occuring on E

the cuter turning point of this excited }evel resulting in a ground ;
state dimer of high vibrational level. Thais lower laser level ;5

relares to 1ts thermal population through collisions with any species,

thus maintaining the inversion.
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SOLAR PUMPED SODIUM LASER -
Composition ﬁ
2Na = Na, (thermal equilibrium)
Absorption
Na, + hvg—-Na + Na*
Radiation Trapping
No* = Na + hvp ©
Upper Level Excitation t_ ]
hog + Moo (X,v" = loW) == Nag(As v! ="22,28)  ©
Stimulation Emission & ;
Nay(A; vt = 22,23) — Noy(X, v* = 34,35) + hyL ;
Lower Level Relaxation ;.,
Nop(K3 V" = 34,35) + 0 = Nap (s v = low) + 1 - 3
FIGURE |  Froposed mechanisms for a broadband pumped 2
sodium dimer laser. :
4 e ;.ﬂ
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0,0 58" 6 2",

Figure 2(3) shows the potential energy versus internuclear
seperation exhibiting the molecular and atomic states involved, with the
relevant transitions indicated with arrows. The two arrows connected
by an arc in the ground state constitute the locus of vibrational levels
with enough energy to photodissociate via classically allowed Franck-—
Condon transitions at the corresponding internucluar seperation. From
this curve we see that the average energy of this transition i1s around
20,000 wavenumbers, while the solar spectrum peaks at around 20,500
wavenumbers, providing a good overlap of the solar spectrum with the
the solar absorbtion transitions. The far right arrow indicates the
deexcitation of the ?Pi. state of the atom by D-line emission.

The two arrows connecting the ground state dimer with the A-state
correspond to absorption of the D-line photon by the ground state to
the inner turning point of a level in the A-state, with the laser

transition occurring at the outer turning point of this level.

Details of the mechanisms just introduced will be covered

in the following sections with calculations of the solar absorption

efficiencies, trapped radiation lifetimes and laser gain.
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ABSORFTION OF SOLAR RADIATION

Most of the absorption of the solar radiation will occur via
the bound—-free transition XZQ 5B T, diagrammed in figure 2. The
photodissociation continuum of Na; has been measured (J) using laser-—
induced fluorescence of the atomic D-lines under conditions where
collisional processes were absent. The D-line emission as a function
of exciting laser wavelength is shown in figure 3, and agrees
within experimental errors with the results of Callender et al. (5,6)
and kraulinya and Yanson (7). This curve of D-line intensity is
determined mainly by the Rcocltzmann ditribution among the vibrational
levels from which photodissociation can take place at the given
laser frequency. The measurements of Ref. (3) confirmed that the atomic
fluorescence resulted from direct excitation to the dissociative
continuum of the diatomic parent, and that collisional energy transfer
trom excited molecules and collision-induced predissociation of the

excitoed molecules do not contribute significantly to the 32pyz

atomic population.

The calculation of the fraction of the solar radiation absorbed
by this dissociative continuum requires a value far the cross section
associated with these transitions. The data of reference (7) will be

used, and are pleotted 1n figure 4. These data were taken at SO0 degrees

Kelvin, vwhile the temperatures of i1nterest are around 925 degrees Felvin. .
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1900 ?LASER cvy 220C:

FIGURE 32 D,-line atomic fluorescence 1ntensities from
laser dissociation of Na,, as a function of "
laser wavelength. Data from Ref. ()
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Because the crosg section was shown to increase with tempature

we extrapolated to higher temperatures by multiplying the cross section

P

at 500 degrees Kelvin by the population ratio of the ground state

4

dimer in the v"=10 vibrational level at 229 and 500 degrees kelvin.
This is the lowest level contributing to the transitions , those levels .
above v"=10 will increase at a faster rate than the v"=10 level and thus

this calculation provides a conservative estimate for the cross

section at 225 k. A plot of this extrapolated cross section is also :

shown in figure 4, T

-

The procedure followed to determine the percentage of solar -

radiation absorbed, was to calculate the cross section at which o

the solar irradiance defined in l1.) below, dropped to 1/e of ’

1ts incident value.

1.0 I(X)=IT(Mexp (~diNa,] - X)

with U = cross section ﬁ:

[Na,} = sodium density :g

X = linear distance into vapor "

.

The frequency dependent cross section of figure 4 was then used -

to determine the bandwidth over which the cross section satisfies e

the relation, s

2.) T i 1/7{INa - X, h




I

N
corresponding to the intensity dropping by 1/e. The bandwidth
determined in this manner is taken as the region of essentially total
absorption of the incident solar radiation.

\

b, Data from reference (8) on the solar irradiance outside the
1 earth’s atmosphere was used to determine what percentage of the incident

o

1
solar irradiance lies within the bandwidth determined above, for a

> given path length of sodium vapor. Figure S5 is a plot of the percent .

-~ '
of solar radiation absarbed versus temperature for two different path K

. lengths in which the optical depth exceeds unity, as determined by 2.)

: above. Evidently this bound-free absorbtion can be large, with figure "
IS .
o S a conservative estimate of only the major anticipated absorption f

3 mechanism. ¥
Q
A '.
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RADIATION TRAFFING

Radiation trapping refers to the i1ncreased decay time of a pulse
of resonance radiation transmitted through a dense vapor. A trapped
photon will undergo many absorptions and re-emissions by the resonant
species before escaping, resulting i1n an effective lifetime for the

photon many times larger than the spantaneous radiative lifetime. The

R T

cross—section for this resonant absorbtion of Na D-line 1is larger

than 107" cm? (X)), trapping the D-line for times an order of magnitude

o

v e
“
-

longer than the spontaneous lifetime. Reference (2) compared trapped

‘o

lifetimes for the Na D-line as measured by several groups(9-11) to the

P
’
7,

theories of both Holstein(12) and Milne(13). Figure 6 is a plot

of the effective lifetime as a function of Na density showing the
more than ten~-fold increase in the lifetime of the resonant D-line.
Extrapolation of the increse in the lifetime to Na densities of
interest (107 em2) is beyond the scope of the available data, though

a discussion of probable limits for the effective lifetime by Ref. (3)

concluded that lifetimes of several microseconds were reasonable.

The uniform dissociative absorption of solar radiation discussed
in the last section will thus pool solar enerqgy into the trapped
atomic D-line. This pooling and establishment of a high enerqgy density
within & relatively narrow bandiwidth is essential to success of this
laser concept. The trapped radiation pumps the upper laser level as

discussed 1n the next section.
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The upper laser level will be optically excited by the trapped e
W
v Na D-lime resonance radiation, producing a relatively narrow range
A 8
S
: of vibrational-rotational states: Pt
. O
. hy, + Nay (X, v" = low) & Na, (Ai v° = 22,23) e
— Na, (X5 v" = 34,35) + hy, ]
- ST
v Sodium dimer A state lasers have been made with optical pumping by }:f
) lasers near the resonant D-line(14-16), and hundreds of laser lines }3
1/ > "r
-\ e
have been observed by the author with dye laser pumping in the red. L
It is expected that laser action can be achieved by D—line excitation {}:
:.:,.
if a high enough density of radiation can be produced within the vapor. e
l'.-l'_
Emission from the A'Y, of Na,, excited by trapped D-line radiation .
! v
v EAGA
& was measured by Ham(17), the observed spectrum shown in figuwe 7. 2&
Uniform esxcitation of sodium atoms was accomplished by chemiluminescence o
o
-
from the reaction of sodium atoms with a number of halogens. The author
\l
; has measured the fluorescence in the region fram about 7800 to 8200 A
from sodiuwmn vapor excited by a dye laser tuned to the atomic D-line. ’ ®
e
¥y oA
o This spectrum is shown in figure 8 and exhibits the same structure f;{
A
1 as figure 7 1in the region measured. The measurements of Ref. (17) };t
. N
1] Y
' on the relative intensities in the spectrum of figure 7 indicate that 'ﬁb
Y at J0O degrees Celsius about 3I0% of the Na(3?P) excitation energies {3;
escapes via spontaneous emission from Na,(A) with fluorescence as 'E:
. .-\:,-
shown 1n figures 7 and 8. At the higher temperatures and densities ﬁ.
’
LY
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under consideration this percentage will increase because of the large
trapping time for the D-line radiation. Hecause this emission is

to high lying levels of the ground state, whose thermal populations

- -y

are less than 2 3 10 of the total Na, populations, a population

inversion is likely.

An estimate of the expected gain for this sodium vapor laser
excited by a broadband source can be made using a gain equation
derived by Rather (1) for the direct solar pumping of lasers.
Equation 27 from Ref. (1) for the product of the lpaser gain times

the absorbtion depth L, 18 @

Trad

Gla = [orp (e ma 7] [7/F) (5 (8} (3]

where p refers to pump and L to laser, all wavelengths 1n microns.
The f/# is the f-number of the optical system which reflects the
solar radiation into the laser medium, a reasonable value for the
f+/# being .7. The ratio of the mean time for upper laser level
depopulation to the spontaneous emission time (Tiss / Twed ), can be
estimated as unity, since even rapid collisional relaxation
will not compete with the spontaneocus em15510n and

1/ ioes = {/Tmd + 1/ Town
where T, refers to the 1/e time for collisional relasation.
Using (Xphen as .45 um, A= .8 wn, a pump bandwidth Akp+rom fiqure 4

= 1

of 4500 cm™' , and a laser bandwidth of .05 cm’ gives me a large
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value of around 400 for GL, ( where the absorbtion depth Lais taken

as 100 cm), consistent with the high gains of > 4 e¢m ' reported

in Ret. (14), Thresholds of 1uj for pulsed laser pumping of o
Na, (A-X) were measured(14), though we expect that pumping with
incoherent broadband sources will have somewhat higher thresholds.
Sti1ll, these low thresholds combined with the high calculated gain ;
indicate that pulsed operation of the sodium dimer laser described shoura

be achievable. CW operation may be limited by collisional relaxation

of the lower laser level, which 1s necessary for maintaining a population

* inversion. The successful CW operation of the more extensively studied™”’

) Na, (E-X) system indicates that the inversion will most likely be . 7
<
Y

maintained. and broadband optical pumping of the Na,(A-X) system

can be operated i1in the CW mode.
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HEAT PIFE OVENS

Origianlly designed as devices for very high thermal conductance,
heat pipe ovens are used extensively as spectroscopic tools for
the study of vapors. The operation of a heat pipe(18) is based on
a well known method for the transfer of large amounts of heat with
a small temperature difference. This is accomplished by the
evaporation of a liquid, transport of the vapor to a cooler
region and condensation of the vapor. Continuous operation requires
that the condensed liquid return to the evaporation region. In a
heat pipe this is accomplished by using the effect of surface tension.
The operation of a heat pipe is diagrammed in figure 9. The heat pipe
consists of a closed tubeing with a capillary structure, or wick on
its inner walls. The wick is saturated with a wetting liquid
and the evaporator maintained at a higher temperature than the
condenser by heating. This temperature difference produces a pressure
gradient which drives the vapor to the condenser. The depletion
of liquid by evaporation drives the liquid-vapor interface 1nto
the wick, the adjacent liquid pressure being Pg - &Re . Reg the
liquid-vapor interface local radius of curvature(meniscus) and &
the surface tension. In the condenser (egion the liquid pressure
is Fc - /Re « With R, often limited by the heat pipe structure.
The resulting pressure available to drive liquid from condenser
to evapaorator

E..=F = F +  WRg ~ 1R .

can be made positive by choosing a wick of the appropriate pore sai:ce.
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Intfertace

FIGURE <@ Schematic diagram of the operation of an ideal
heat pipe. Ke is the liquid-—-vapor interface
meni1scus in the evaporator region, R¢ in the \
condenser reqgion. Fe and P are the vapor pressures 14

in the two regions. Liquid flows from the condenser

5 S

to the evaporator if =
Pe - Fg +2W/R.- . URe > 0 -
20
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The use of a heat pipe for spectroscopic purposes requires that

q

the device have windows. C. R. Vidal and J. Cooper (19), utilizing

'l‘ " L]
"'y’

a method similiar to Bohdansky and Schins, introduced the

.

standard method for producing well defined metal vapors in the

heat pipe oven. Diagrammed in figure 10 is a simple schematic of

a heat pipe oven and its operation. It consists of a central region
designed like a heat pipe, a tube with a wick on its inner walls.
Typically the wick consists simply of a woven mesh, stainless steel .
is used by the author for the sodium heat pipes. The mesh size does
not appear to be critical, with a variety of mesh sizes working well
in various devices. The central region is used as the evaporator, N,
a cylindrical heating element enclosing the tube to provide uniform ;
heating. There are thus two condenser regions, at both ends of the
tube, where cooling coils are wrapped around the tube to provide a
well defined boundary layér between the evaporator and condenser.
The ends of the tubes have windows mounted with the appropriate
O-ring structure to provide a vacuum seal. Gas/vacuum 1nlets ,i:
: are placed near the windows in both condenser regions., providing -
access for pumping the device down to low pressure levels and for

leakage of small amounts of an i1nert gas into the oven.

Operation of the heat pipe oven begins by filling the oven
- to a known pressure with an inert gas. such as Argon. With the
evaporator region loaded with a.sample of metal (sodium), we then

begin heating 1n this region. The sodium melts and starts
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FIGURE 10 Schematic diagram of the operation of a
heat pipe oven used for spectroscopic LS
measurements.
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wetting the wick. The sodium begins evaporating at the temperature
given by the vapor pressure curve of the metal for which the

sodium vapor pressure approximately eguals the pressure of the inert
gas. The evaporating sodium then flows to both ends of the tube

where i1t condenses onto the wick and flows back to the evaporator.

When 1t reaches a steady state the central portion 1s filled with the
sodium vapor at a pressure determined by the pressure of the canfining
inert gas, which, because of the pumping action of the sodium vapor,

is swept out of the central region and into the ends. Mixing of

the two gases does occur in a short boundary layer between the
evaporator and condenser, with a thickness much less than the length

of the vapor zone. Because the inert gae 2mains in the cooler ends

of the oven, 1t protects the windows from depositicn of the metal

vapor which would otherwise cloud the windows gquickly. The

temperature of operation is determined mainly by the 1nert gas pressure
which can be varied, and the power input to the heaters which

15 also adjustable. Therefore, a range of temperatures, and thus vapor

densities, is availilable to the user of a heat pipe oven.

The heat pipe oven has a number of characteristics which make
1t an extremely useful device for the study of metal vapors. and

1N our case sodium. Because evaporation and condensation take place

at esgsentially the same temperature, the zone over which the vapor f{flows

from tre evaporator to the condenser 1s i1sothermal. The pressure

gradient which creates the flow need not be very larage. and typically
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) the temperature changes by only about 1-2 degrees celsius over the
:E vapor zone. Only in the boundary layer zone between the metal vapor 'f
3 and i1nert gas does the temperature drop off rapidly as the vapor ?E
. condenses. A simple thermocouple can be used to determine the
> .3
3 temperature within the zone to 1 degree Celsius accuracy, and a -
%
: simple manometer will easily determine the pressure with 1% accuracy. 0
<Y .
The evaporation and condensation cycles the metal goes through "
; purifies it so that after a certain period of operation a very é;
‘E pure zone of the metal vapor exists. Most of the impurities will -
< be swept out into the cooler region where they will condense or remain :
Ei in the gaseous phase. By starting with an impurity concentration ;;
‘S that is small, any impurities that have a higher vapor pressure than -
the metal will not be saturated and will not be in equilibrium with
.g their liguid phase. Thus they will not condense again and the pumping .
E: actian of the metal sweeps them out to the colder regions. Impurities if
. with a vapor pressure much lower than the metal will have no eftect
E: on spectroscopic measurements, while those with vapor pressures -
?' comprable to the metal will again not be saturated. .é
-~ o
1 -
i Figure 11(20) is a plot of the temperature of sodium in a heat pipip
§ versus axial position for two different powers. Note that as one .
' changes the power it is the length of the metal vapor zone which o
; undergoes the largest change. The small 1ncrease 1n temperature {:
j: 15 due to the increase 1n the buffer gas pressure as 1ts volume H
‘ a

decreases, since the temperature is determined by the buffer gas

i‘...tln,.
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pressure and the metals vapor pressure curve.

It is the well defined and uniform vapor density that make
the heat pipe oven such an attractive device for the production of

a lasing medium such as sodium vapor. The difficulty in using

it for our concept is modifying it to allow access for broadband opticatb

pumping, without eliminating its positive gualities that are very
geometry dependent. An ideal heat pipe oven is long with an inside
radius much less than its length, and will provide a very uniform
vapor over a long path length. To date, we have studied three
devices, one a standard crossed heat pipe oven borrowed from
Stwalley et. al. at the University of lowa Laser Facility, a
rectangul ar heat trough designed at the beginning of the program,

and a new device designed more in line with the standard heat pipe.

Figure 12 is a diagram of the three devices just mentioned,
the crossed heat pipe on top, the rectangular heat trough 1n the
center and the latest device on the bottom. The crossed heat pipe
oven is a variation on the original heat pipe oven device which
allows access for observation from five directions. For example,
in a laser induced fluorescence studies one axis can be used
far propagation of the exciting laser, another axis for the use
of a probing laser and the last port for detecting devices. Its

operation i1is similiar to the standard heat pipe oven with
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FIGURE

N

The three heat pipe oven devices used in the
experimental program., The top one is a standard,
crossed heat pipe oven, middle is a rectanqular
) heat trough with open top and the hottom one

is the latest device with open top.
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the extra ports a pertubation on the standard design. This

crossed heat pipe oven was used to produce a temperature calibration

curve for determining the temperature profile in the other devices, and

for measurement of rotational relaxation rates of the dimer
by collision with a second body. The remainder of this section
will discuss the operation of the other devices and the methods

used for their characterization.

Our approach for measuring local temperatures in the heat
pipe oven devices is to measure fluorescence ratios excited from
different ground state vibrational levels. The fluorescence
intensities are determined by the temperatuwre dependent Boltzmann
ratios. An invaluable tool used in this experimental pragram is
an optical multichannel analyzer, consisting of Reticon diode
array with imager intensifier interfaced to an IBM AT personal
computer, coupled to a Jarrell-Ash quarter meter Spectrometer.

I will refer to this device, diagrammed in figure 13, as the OMA.

The grating used most extensively in the spectrometer had

Q

1200 lines per milimeter, blaced at 5200 A, and provided 4 A

resolution over a bandwidth of about 400 A. An example of a

Helium-Neon laser induced fluorescene sqectrum obtained 1n the

crossed heat pipe oven 15 shown in figure 14, Assignment of the

lines in this spectrum was made by kK. kK. Verma et. al. (21), 1ncluding

the ground state dimer levels pumped by the He-Ne laser and the

relative intensities of the induced fluorescence ftor the transitions
Vot

Na (AT % vi, 39 Na (x'Zgs v'. J")

(¥}

The ground state vibrational levels that are pumped by the He-Ne are,
v' = 2, 4, 6, B.
.8
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FIGURE 13 Flock diagramw of the Optical Multi-channel
Analyzer, consisting of Jarrell-Ash spectrometer,
a Reticon diode array and associated electronics

interfaced to an IEM AT computer.
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FIGURE 14 He-Ne laser i1nduced fluorescence spectram of
Na, (A'X}) obtained with the 0OMA.
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0f interest for an accurate temperature measurement
is the fluorescence due to pumping from the ground state dimer -
with vibrational levels of v"=2 and v"=8. The intensity of the y*
individual lines in the LIF (laser induced fluorescence) spectrum
are directly proportional to the Boltzman distribution of the :¢f
vibrational levels of the ground state dimer, which is a temperature

dependent function. The ratio of LIF intensities pumped from different

ground state vibrational levels will thus be a function of temperature and

',‘."f-

|“.'. ‘
HY L4 S

can be utilized to measure temperature. The v"=2 and v"=8 levels provide

(]
[

the most accurate temperature measurement, since their population ratio
is the most temperature dependent. The two peaks utilized to produce
a calibration curve are noted in figure 14. The experimental

arrangement used to aquire our calibration is shown in figure 195.

r \.f\
The crossed heat pipe was used for this purpose, with a chromel-alumel k;:
F\.:
thermocouple utilized to determine the temperature within a few degrees &;
A

'
b

Celsius at the object position of the OMA. By varying the buffer gas
pressure and heater power a range af temperatures from about 00 degrees
celsius to 550 degrees celsiug wuere achieved, with spectram similiar to

that of figure 14 taken at each temperature. The resulting plot of

WY
LIF 1ntensity ratios for the two lines shown i1n figure 14, versus i:
»
S
the 1nverse temperature 1s shown 1n figure 16. The scatter of the ;\
r;

data points 15 due to the large difference in relative 1ntensities of ‘i_
the two lines originating from v"=2 and v"=8. A pai1r of LIF lines
pumped from the same levels, but of more comparable 1ntensity have
been 1denti1fied 1n another part of the spectrum and should provide

a more accurate calibration. A

31
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FIGURE 1S Experimental arrangement used for obtaining
a temperature calibration curve.

PR




SR N N N TP

s,

.

" s
hmoxgaﬁggLf

INTENSITY RATIO

S R LA R : et e e
PN WS, P R R AN ORI R NGO R

p——

re————

e —

e

poem— ——
S ——

A

I 1]

TEMP 1 (1079)

FIGURE 16 Temperature calibration curve. Y axis is the ratio
of He-Ne LIF lines at 8074 A and 7904 R. The
X axis 1s the inverse temperature in degrees kelvin.

- >
2P

. - . e

.

. e S .
PO P W R Y

F YRR A
“H Be
B

P
'-“&‘,&'-

AL R A
5>




as,

Py
s a'a &

wataTa s,

" temperature gradients exist in the operation of this device. Various

The temperature calibration curve above has been used to determine*”

the temperature profile in the heat trough device, the middle one in

figure 12. This device was made out of a rectangular piece of gé
stainless steel, the center hollowed out with ports on either N
end of the trough. The top is open with an 0-ring seal for a ?3
glass top. allowing access for broadband optical pumping. Tempature -
profiles for both the anial direction and the vertical direction -
were made utilizing the LIF method explained above. Figure 17a ;j

is a plot of the temperature versus a»ial position, figure 17b the

temperature versus vertical position. As these plots show, sig;r\ifican'c"‘i

configurations of the wick were tried, with some configurations =
providing a more unifaorm vertical temperature distribution, but the s
axial temperature profiles did not vary much. Though the temperature ’
profile within khis device was not ideal. the top window stayed Si
clean for long periods of time with a relatively hot (400 degrees C)
sodium vapor in the device. This device deviates from the standard ::
heat pipe oven 1n a number of ways, which 1n hindsight contribute Qb
to the poor temperature protiles measured. The qgeometric requxrementsl;
of & long evaporation region as compared to the width of the region E
is obviously not satisfied, as well as the nan-uniforin heating -
-~
provided by the flat ceramic heater placed only on the bottom. Qf
With these thoughts in mind, & new device was built which satisties :
the geometric requirements for proper operation of a heat pipe. ’
and is diagrammed in the bottom of figure 12. R
34 ;
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N The main body of this device is & one 1nch outside diameter =
N stainless steel tube. A narrow slot about three eighths of an <.
)
l: inch wide is made in the tube, about eleven inches long. A o
» »
A
a rectangul ar shaped four sided box whose width increases from
e about one half inch to two and one half inches is welded to the j{
n, -
: stainless steel tube. The wide end faces up and has a flange welded .
N o
- -
) to it with and O-ring groove for sealing of the glass window. -
& The ends are sealed with an Ultra-Torr coupling between the tube s
2 ‘:f.
;: and a quartz tube with a Brewsters angle window attached. Two :
Q hemispherical cylindrical heaters are used to heat the tube 1in %4
. the evaoporator region, which 1s about eleven i1nches long. the
‘5 length of the slot in the tube. The geometry of this device -
2 conforms more to the requirements of a standard heat pipe oven -
., while still allowing access for broadband optical pumping. y
% A temperature profile has not been measured for this device vet. i:
:.. (’.\.
N though 1t has operated at approximately 400 degrees €, with the
& top window remaining clean. As will be discussed in the following S.
>
5 section. & dye laser optically pumped sodium A-state laser has .
: been made with first the crossed heat pipe oven. and recently -
B with the newest device. Thus, even without a temperature profile, -
' -
1 ¥
) the newest device ha=s operated very well, and shows promise for
!
) o
operation as a pulsed laser pumped with a flashlamp. 3;
, ~.
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OFTICALLY FUMFED LASERS

The term optically pumped lasers (OFL), typically refers

to a laser which is pumped by another laser. Because the pumping

source 1s essentilly monochromatic, a very narrow range of upper
laser states will be populated which makes this a very efficient
pumping scheme. As a first step in making a broadband optically
pumped sodium A-state laser and to demonstrate adequate medium
uniformity in our device, we first attempted to make an OFL
using & dye laser. The dye laser used is a Molectron model

dye laser pumped with a pulsed nitrogen laser. The dye used

was RE (Rhodamine B ), which has & wavelength range from around

6000 A up to 6400 &. The experimental arrangement for making an

OFL in the crossed heat pipe oven is shown in figure 18. The dye
laser is steered to a focusing lens with a focal length of 46 cm,
and into the heat pipe oven. The mirrors which make up the opticl
resonator have maximum reflection near 8000 A, and are transparent

to the visible pumping wavelength of the dye laser. The input mirror

has &« & m radius. the 5% output coupler is a flat mirror.

Aligrnent of the resonator is accomplished by adjusting the

dye laser reflection from each or the mirrors through a small

aperture placed at the output of the dye laser ( there is a small

amount of reflectiorn of the dye laser by the mirror that can be

viewed 1n a darkened room). The dye laser typically operates at

about (-10 Hz, with ocutput pulse energy 1n the hundreds of microj)oules

and pulse widths on the order of 5-10 nanoseconds.
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! Lasing was achieved at a minimum tempature in the crossed heat =
) pipe oven af around 400 °C and detected on a photodiode placed at the E:
A
JE output coupler with 1ts output observed on an ascilloscaope. A 7800 Z &:.
.
u! cut-on filter was placed before the photodiode to stop the dye laser If
v pulse. The dye laser was then scanned slowly from &000 A to 6340&, §:|
%‘ the photodiode ocutput sent thru a boxcar integrater and then to SE‘
- e
a chart recorder. Hundreds of laser lines were observed as the -
EE dye laser was scanned, with a portion of the chart recording EE
shown 1n figure 19. The inset of figure 19 shows an OMA spectrum E&
P
for the laser line pumped at the indicated wavelength. We see that it
#: because of the bandwidth of the dye laser, a number of rotational é;
” lines are excited within some vibrational level. An assignment ii
ii of the laser lines observed is beyond the scope of this program -
o at this point, but the number of lines observed and the ease Esﬁ
gt with which lasing was achieved holds promise for broadband pumping. é%-
’! After aligning the resonator by maximizing the photodiode output we b
" can now replace the crossed heat pipe oven with our other devices. :ﬁg
. -
— I first replace the crossed heat pipe with the heat trough, ':;
. 3.

without disturbing the resonator or knocking it out of
w. alignment. The heat trough is heated up and we tried unsuccessfully

to optically pump it with the dye laser. With the heat trough at 1ts

i 1
n o
maximum tempature of around 400 °C the gain in this device 1s still -
not high enmough for laser operation. .?F
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FIGURE 19 Chart recording of OFL laser output, measured e
with a photodiode as the pump laser 1s scanned.
Inzet is an OMA spectram of the OFL output
for the indicated peak 1n the chart recording.
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We replaced the healt trough with the latest device built, Oy
S shown in the bottom of figure 12. BEecause of the length of this Egé
N device, we had to remove the lens from its original position §§§
used for the crossed heat pipe and place it inside the resonator. 8
This extra loss hcowever is not a problem, since the device lases at the Ei
same tempature as the crossed-heat pipe oven, around 400 degrees (. 1;
I've operated the device for several days with only a few spots ;
on the large window becoming discolored., and modifications of the Ei
cooling and wick configuwation could possibly eliminate these ;33_
small spots. -
We have thus successfully made a heat pipe oven device which
allows access for broadband optical pumping of the vapor zone -
generated inside. We have made an optically pumped sodium “
dimer A-state laser with the new device and observed the same Egu

spectrum of laser lines as seen in the standard crossed heat pipe

oven. The operation of the device as an OFL indicates that a

sufficiently uniform and dense sodium vapor can be produced ;
A

and that flashlamp pumping of the device is a natural next step.
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ROTATIONAL RELAXATION

The energy levels of a diatomic molecule can be divided

into three componentss;

a. The electronic configuration energy (10,000°s of cm™® )
b. Energy of vibration (100°s of cm™' )
c. Energy of rotation (10°s of cm™' )

The number in parentheses after each of these refers to the
approximate energy spacing between adjacent levels for each of
these energies. Thus., electronic energies are several orders of
magnitude larger than vibrational energies while rotational energies
are an order of magnitude smaller than vibrational energies.
Because the energy spacing between different rotational levels

is 50 small, a collision between a dimer and & second body often
results in a change in the rotational energy of the dimer. I+ the
the second body is an atom then it will experience a change

in its kinetic energy, since the rotational energy it gains

or loses is usually small compared to kT, the thermal kinetic
energy. Irn the case of sodium vapors, the atom is the dominant
vapor species and collisions between two dimers is rare so that
usually dimer-dimer collisions can be ignored. In the studies

we have done we have looked at the rates at which an excited
electronic state of the sodium dimer has a rotation changing

collision with various gases as well as with sodium atoms.
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We used excited states pumped by a Helium—-Neon laser

L

for our measurements of the rate coefficient for rotation

2

changing collisions from a particular vibration-rotation

level in the A'Z: state of the sodium dimer. Assignment of

=
- the states pumped by the He—-Ne have been documented (Z2), providing
i; accurate knowledge of the parent states rotational level.
- The procedure we followed was to obtain spectra of th2 He—-Ne
E& LIF in the region of the state we chose at a variety of buffer
*: gas pressures. The experiments were conducted in both the crossed
f“ heat pipe oven and the heat trough. The exper:mental arrangement
:i for the crossed heat pipe is shown in figure 20, The He-Ne
7 is directed down one aris of the oven, a chromel-alumel thermocouple
i is fed from the upper port into the vapor very close to the
. He-Ne path, the OMA is placed at another port while a photo-
E- multiplier tube is placed at the final port. The FMT has a

7150 A cut-on filter in front of it to elimanate laser scatter
- and 1s used to monitor the total fluorescence induced by the
?' laser. It is important to note that the crossed heat pipe
; oven is not being operated in the heat pipe mode, but is just
‘? being operated as a cell where mixing of the buffer gas and
e sodiwn vapor will occcur. For each of the buffer gases studied,
& Xe, Ar, N;, and He, we obtain an OMA spectra for a number of
:i different pressures. We record the temperature at each of the
~%

pressures and we record the total fluorescence associlated
ot

with each of the spectram.
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FIGURE 20 Experimental arrangement for the study of
rotation changing collisions between the .::
A'LT state of Na, and a second body. v
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Analysis of the data begins by considering the rate equation

for the population of the state we are studying {(Na, (Al v’'=14,0"=45).,

1.) dINa, (Ajv’'=14,3’=45)]/dt = FRpwmp — AlNa, (A;v =14,3"=45))
- ko [QINa, (Asv '=14,J"=45)] - ky. [NalJlNa, (Aiv'=14,J%=45)]

~k g [Na,] [Na, (At v =14,3"=45)]

where R gump = Pumping rate
A = Einstein A coefficient

[Na, (Aiv'=14,J"=45)] = Na, pressure (density) with v’,J’

kg = rate constant for rotation changing collisions by buffer gas
(@] = buffer gas pressure (density)
kna = rate constant for rotation changing collisions by atomic Na

(Nal = atomic sodium pressure (density)
rate constant for rotation changing collisions by Na;

Nay —

(Na;] = total sodium diatomic pressure (density)

The rate constants ka, kus, and kg are actually rate constants

for the total removal of the dimer from the {Na, (A v =14, J'=45)7
state which includes vihration changing collisions and electronic
quenching of the molecule in which it islremoved from the excited
electronic state to the ground state. Héwever, because of the large
energy transfer needed for vibrational or electronic rela»xation, we
1gnore them in these measurements and treat the rate constants

as rotation changing rates. In steady state, the above time
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N *
o derivative for the state [Na,(Aiv’=14, J"=45)] can be set equal
~ to zero. We will assume the pumping rate R,m~pis proportional to X
$ the total fluorescence and that the last term 1s nmnegligible. ..
. -
‘5 We now have the following equation, with I.r the total fluorescence -
as measured by the FMT, and [Na. (A:14,45)] =[Na, (Aiv '=14,J"=45)] 3 ~
o b
N .
!
"
5 2.) I,or = AINa,; (A3 14,45)] + kgolRIINa, (As14,45)7 + b INaltNa,(As14,45)] -
5 The excited state Na; (Asv’'=14,0"=43) will radiatively relax to the
~
;- the ground state according to the equation, -
:: I Na,(As14,45) — Na, (Xsv", Jd"=J"2 1) + hv
5 -
. with v'" = ground state vibrational level .
2
. J" = ground state rotational level -
A Y s Y
< = J't1
The selection rule AJ =t ] for homonuclear diatomic molecules results .
o~ in a fluorescence spectrum which has a series of doublets closely
Y
- spaced together corresponding to the two transitions of I.) above
. for a given v". There is no selection rule for the change 1n the .
. vibration guantum number v, though the Franck-Condon factor will -
'; determine the relative probabilities for a transition from o
v' to v" In figure 21 are two OMA spectra for the He-Ne LIF
»
3 at two different pressures. Note the series of F-R doublets
»
' -
4 -

a
-
v
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t FIGURE 21 He-Ne LIF spectra of Na,(A) with Xe buffer gas
. at .25 and 10 Torr. Note the series of P-R

o doublets and the line used for determining

s rotation changing collision rate constants.
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( F corresponds te J = 1, R corresponds to J -1 ) evident 1n

both of the spectrum. These doublets correspond to radiative
transitions from Na,(Aiv™ =14, J"=45) to Na,(Xiv", J" = J" 1),
with v" noted on the spectra. We will use the fluorescence

line for the transition,

4.) Na, (Asv’=14, J =43) — Na, (X3v"=Z8, J"=44) + hv

this being the strongest peak in the spectrum.

We will refer to the intensity of the fluorescence corresponding

to the transition in 4.) above as Igory since BO74 & 1s the wavelengthif

of the photon emitted. The measured intensity of this line can

be e:xpressed as

S Tgow = cAINa; (Aiv' =14, J’=45)]
with c = a constant factor.

Dividing equation 2.) by equation 5.) we obtain,

6.) Itor /lgosy = 1/€ + kgaL03I/cA + by, [Nal/ch

where the density of the Na;(Aiv =14, J'=45) state has been tactored ou

We can eliminate the constant factor c, which is dependent on the

experimental set up, by considering the ratio ot equation 6.) for
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A
different pressures. We experimentally determine I oy /laow
=3
at a number of pressures. and by taking the ratio of I o+ /lgomn gt
at one pressure to all the other pressures we get a set of ks
r
Y
pressure dependent data from which kg . or kg can be determined.
Consider 2 buffer gas pressures, FP1 and P2, plugging each into 6.) above ft
taking their ratios and rearranging. we get ?F
-::;
\.'_
7. CRLZ2 + (ke 7A) (K12INRT, — [Na)y ) -1/ (EF1Y/LF2] - K12} 3
= [FP21(kg/R) )
s
where E12= [ (Iyor (F1)/1gom (F1))/(I,or (F2)/1g0+aq (F2))] tf
Since K12 is measured, [F1] and [F21 the known buffer gas pressures, -
[Nal,., the known atomic sodium pressure at the two buffer gas .
pressures and k.. a measureable guantity, we can use 7.) to :f
determine kg, as follows. By keeping [F1]) in 7.) above constant ;i
K/
and varvying [F2], a plot of the left hand side of equation 7.) 6
versus [F27, will have a slope which is proportional to kg, ?j
for sufficiently low pressures where multiple collisions can tf
be ignored. As is clear in figure 21, the intinsity I 4,,4 decreases ..
as the buffer gas pressure increases. since the number of rotation }f
changing collisions increases. Also note the increase in the background :ﬁ‘
. ‘.-.‘
-
in the region of the 8074 line, due to the radiation from those \.
o
states which become populated from the parent state Na; (Aiv'=14,57=45) ,ﬁi
by these rotation changing collisions. The 1ntensity Igo,, 15 :ff
o
2
o,
o
N
=
.{.
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FIGURE 22 Flot of left side of equation 7.) versus Helium -
pressure. Slope is rate constant times the
radiative lifetime of Na; (A, 14,40).
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measured from the top of this background, since some of this peak

and baclkground could be due to states which have been collisionally
popul ated from parent states other than the 8074 state. A plot of the
leftt side of equation 7.) versus [F2] for the case of Helium as the
butfer gas is shown in figure 22. The rate constant is determined

by multiplying the slope by A.

We determine kw « the rate constant for rotation changing
collisions between the sodium dimer and the atom in a similiar
manner . These measurements are made in the heat pipe oven with
1t operating in the heat pipe mode, since under these conditions
only sodium vapor exists i1in the evaporator region where the measurement
are being made. In this case the buffer gas pressure is zero in

the region of observation. and equation 7.) becomes

8.) (1 = KI2)/ 12 ~ INaD, /7INal, )3 = (Naly (kg /78)

with [Na}), = standard sodium pressure

CNald g variable sodium pressure

]

A plot of the left band side of B.) versus [Nal., will have a
slope which is proportional to k,,. again the proportionality
constant being 1/A. We now use this rate constant for sodium, k. .
in equation 7.) to obtain the rate constant k;., for the gases

Xe, Ar, N, , and He used i1n these studies.
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The table below summarizes the prelimipary results obtained

so far for the rate constants for rotation changing collisions

between Na, (Ai14,45)

and & second body.

GAS PRESSURE RANGE | TEMFATURE RANGE | RATE CONSTANT (10 NS TORR )
Na .28 - 2 Torr 90 - 540 C 2.9
Xe .35 = 2 Torr 409 - 345 C 2.2
Ar L20 - 5 Torr 367 - 331 C 2.3
N 20 - 5 Torr 380 ~ 348 C 4.1
He L20 - 3 Torr J90 - 378 C 4.6
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CONCLUDING REMARKS

Efforts to develop & broadband optically pumped sodium dimer
laser have been reviewed. The concept for pooling of solar radiation
energy into the narrow atomic D-line radiation and absorbtion of
this energy to the upper laser state was 1ntroduced. Up to 20%4
of the solar radiaiton could be absorbed via this mechanism, which
combined with the high gain medium of a hot (900 k) sodiuwm vapor
provide the means for making a directly solar pumped laser.
Development of a heat pipe oven device which has access for
broadband pumping while maintaining a hot sodium vapor 1s well
under way. One such device has been operated as an 0FL, with
vapor temperatures i1n the 400-500 C range and the large window
remaining relatively clean. Flashlamp pumping of the sodium

vapor 15 the next step in the experimental program.

A method for measuring temperature profiles using He—Ne LIF
was 1ntroduced and the temperature profile of one heat pipe oven
device presented. This method uses the BHoltzmann distribution
among the ground state vibrational levels as the basis for measuring
the temperature. Rate constants for rotation changing collisions
between an excited state of the sodium dimer and various gases
were measured. Our preliminary results are smaller than values
found 1n the literature(22), théugh the state we studied was different

from the states studied in Ref. (22) and might affect the value.
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